The European plum (Prunus domestica L.) is a worldwide distributed tree species. Italy has an ample number of traditional varieties, but many are neglected and at risk of extinction. This germplasm is still cultivated in rural areas in spite of the EU-28 crisis of the stone fruit sector. Traditional European plum varieties remain poorly characterized, strongly limiting their promotion in local markets, use for farm diversification, and exploitation for local gastronomic products. In this study, we carried out an investigation of the morphological and genetic diversity present in an ex-situ collection of 29 traditional varieties of P. domestica of the Campania region (Southern Italy). The combination of five continuous and five categorical fruit traits allowed us to phenotypically distinguish all the varieties. Similarly, the Simple Sequence Repeats (SSRs) employed (five genomic and five deriving from Expressed Sequence Tags) identified a unique molecular profile for each variety. Moreover, the data indicated that the phenotypic and molecular investigations provided different clustering, suggesting that the two analyses sampled different sources of diversity. The number and the distribution of the scored phenotypes as well as the indices of genetic diversity imply the presence of a wide-ranging variation, which may sustain the development of high-value, niche market products. Our work provided evidence that the implementation of measures for a combination of ex-situ and on-farm conservation of traditional European plum varieties should be preferred to avoid the loss of an ample diversity.
Introduction
Plums are a group of stone fruits with edible fleshy mesocarp produced by different species of the large, globally distributed genus Prunus (Rosaceae) [1] . The most important cultivated varieties belong either to P. domestica (European plum) or P. salicina (Asian or Japanese plum) [1] . European plum is a hexaploid (2n = 6x = 42) species native to Asia and probably spread into Western civilization during the Roman Empire [2] . The mild Mediterranean climate and the varied soils and farming conditions favored the diffusion of plum in Italy and this species has experienced a considerable diversification. For instance, the presence of an ample selection of fruits was documented already in the 17th century [3] . In Italy, the plum cultivation almost certainly reached its peak after WWI, in conjunction with the first introduction of non-Italian cultivars. However, after WWII, the cultivation of the plum did not expand and in few decades, it became marginal compared to the apple, pear, and peach [4] . More crucially, the rich Italian germplasm (estimated in hundreds of varietal names) has been gradually replaced by improved P. salicina cultivars (mainly of American origin) because of their (MAR), 'Mbriaca' (MBR), 'Melella' (MEL), 'Occchio di bue' (OCC), 'Pannanorese' (syn: 'Pannaranese') (PNN), 'Pappagona gialla' (PPG), 'Pappagona verde' (PPV), 'Pazza di Somma' (PAZ), 'Pezza rossa' (PEZ), 'Preta e' zucchero' (syn: 'Meraviglia') (PRE), 'Prunarina' (syn: 'Prunarinia') (PRU), 'Rachele' (RAC), 'Riardo' (RIA), 'Santa Maria ' (SAM), 'Santa Paola' (SAP), 'San Rafele' (SAR), 'Scarrafona' (SCR), 'Scauratella' (SCU), 'Turcona' (TUR) and 'Uttaiana' (syn. 'Ottaviana) (UTT). The germplasm includes both autochthonous material and ancient introductions, and varieties were selected among the most diffused traditional plums in the Campania region (Southern Italy). Samples were obtained from the field collection of the "Azienda Agricola Sperimentale Regionale Improsta" of the "Centro per la Ricerca Applicata in Agricoltura" (C.R.A.A.).
Analysis of Morphological Data
During 2011, five continuous and five categorical fruit traits were recorded on thirty typical, marketable fruits harvested on five healthy trees per variety (six fruits per tree). The continuous fruit traits were the following: fruit fresh weight (g/fruit), fruit length (mm), width (mm), fruit shape index (a dimensionless parameter calculated as the fruit length to fruit width ratio) and soluble solids content ( • Brix); whereas the categorical fruit traits were the following: fruit skin color, color of flesh, fruit shape (in lateral view), degree of adherence of stone to flesh and general stone shape (in lateral view). Phenotypes were categorized according to the guidelines for the conduct of tests for distinctness, uniformity and stability (DUS) of The International Union for the Protection of New Varieties of Plants (UPOV, Geneva, Switzerland) document TG/ 41/5 (2002) . Soluble solids content was measured with a digital refractometer (HI96811, Hanna Instruments, Carrollton, TX, USA).
For quantitatively scored variables, the significance of the differences between varieties were assessed by a one-way ANOVA test using the Duncan's multiple range test as a post-hoc test for mean separation, using SPSS 20 (IBM Statistics). Correlation between quantitative variables was studied with the Pearson's coefficient and illustrated using the corrplot R package [26] . For hierarchical clustering based on both continuous and categorical morphological data, we calculated pairwise distances with the Gower's coefficient [27] without assigning a weight to variables, using the R package StatMatch [28] . Considering that data are on different scales, continuous variables were first standardized using the 'scale' function implemented in R [29] . Hierarchical clustering was performed on scaled distances using the unweighted pair-group method with arithmetic averages (UPGMA) algorithm in R [29] .
Molecular Analysis
Total DNA was isolated from young leaves using a previously reported procedure for vegetable fruits [30] and quantified by agarose gel-electrophoresis. Varieties were analysed in duplicates (two plants per variety). Ten nuclear Simple Sequence Repeat (SSR) loci (five from EST-libraries and five from genomic libraries) were used for Polymerase Chain Reaction (PCR) amplification and their main features (e.g., primer sequences and annealing temperature, Ta) are reported in Supplementary Table S1 [31] [32] [33] [34] [35] . The PCR reaction was assembled in a 25 µL volume with 100 ng genomic DNA as described [30] . The amplification conditions were: one denaturing step at 94 • C for 5 min, followed by 35 cycles of 94 • C for 45 s, Ta • C for 45 s, and 72 • C for 1 min 30 s. After the final cycle, a 15 min step at 72 • C was added. Amplification products were separated by agarose gel-electrophoresis to verify the presence of amplified fragments. For allelic discrimination, fluorescent fragments were resolved by capillary electrophoresis in an ABI Prism 3130 Genetic Analyzer system (Applied Biosystems, Foster City, CA, USA) as previously reported [36] . Raw sizes were rounded to integer and scaled according to the SSR-core motif ( Supplementary Table S1 ), while minimizing the average offset of the alleles for each SSR within the instrumental resolution (±1 bp).
Molecular Data Analysis
For each SSR locus, we calculated the number of different alleles, the Shannon's information index (−1 × Sum (pi × ln(pi)), the observed heterozygosity (Ho; number of heterozygotes/N) and the Expected Heterozygosity, also called Nei's unbiased gene diversity [37] (n/(n − 1))*(1 − sum(piˆ2)), where n is number of individuals, pi the frequency of the ith allele for the population and (sum piˆ2) represent the sum of the squared population allele frequencies. A Maximum Likelihood Estimation method was used to correct for the unknown dosage of the alleles. This algorithm was run separately for each locus. These calculations were carried out with the Genodive software [38] . The genotype accumulation curve was created by randomly sampling (n = 1000) the ten loci to create the distribution and counting the number of multiloci genotypes for an increasing number of SSRs. Pairwise genetic distances between varieties were calculated with the Bruvo's coefficient [39] using the poppr R-library [40] . Hierarchical clustering was carried out as described for the morphological data. To test the correlation between the morphological and molecular data, the two parallel matrices from independent data were compared by a Mantel test with 9999 permutations. The test statistic varies from 0 (no correspondence) to +1 (respectively, −1), indicating total positive (resp., negative) correspondence. Calculations and tree visualization were performed in R [29] .
Results

Morphological Characterization
The result of the analysis of the quantitatively and qualitatively scored traits is presented in Table 1 . Statistically significant differences among varieties were present for each of the five continuous variables. Among them, the fruit trait that displayed the largest variation was the fresh weight (CV = 53.9%), followed by the shape index (19.6%), the width (18.9%) and the length (18.1%). As expected, the fruit length, width and fresh weight were significantly correlated (Supplementary Figure  S1) . A negative correlation was present between total soluble content and fruit fresh weight (−0.39; p = 0.034).
A clear skin color (i.e., yellow and yellowish-green) was predominant (65% of the varieties; Table  S2 ). A larger diversity was present considering the color of flesh, for which we recorded all the different classes present in the guidelines for the conduct of DUS test for the European plum (TG/41/5). Also for this trait, a clear color was more frequent (62% of the varieties). The most common shape in lateral view was elliptic (52% of the varieties).
Considering only the qualitative traits under investigation, we recorded 24 unique phenotypes for the 29 varieties. No plant had a fruit phenotype deriving from the combination of the most frequent trait for each of the categorical variables (Table S2 ). The most common phenotype in the germplasm was a circular fruit with red skin, orange flesh, and an elliptic, clinging stone. This combination was only present in three varieties (MAR, PRE and SAP), which are primarily discriminated taking into account fruit size.
Overall, fruit qualitative traits were highly discriminant but fruit size was needed to assign a unique phenotype to all the varieties under examination. For this reasons, in order to visualize the relations between the genotypes under investigation, we performed an agglomerative analysis using both qualitative and quantitative traits (without assigning a weight to each trait) ( Figure 1 ). A clear clustering according to a specific fruit trait was not evident, which suggests that the morphological diversity is ample and distributed among the varieties. Figure S2 for examples of the color of the fruit flesh and skin..
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Molecular Characterization
For the analysis of genetic diversity, we employed 10 SSRs representatives of various repeat classes ( Supplementary Table S1 ). All loci were polymorphic in our population and the observed different alleles of the genotypes per locus are visualized by an heatmap (Figure 2A ). The number of amplified fragments never exceeded the ploidy level. 
For the analysis of genetic diversity, we employed 10 SSRs representatives of various repeat classes ( Supplementary Table S1 ). All loci were polymorphic in our population and the observed different alleles of the genotypes per locus are visualized by an heatmap (Figure 2A ). The number of amplified fragments never exceeded the ploidy level. The number of alleles detected in each variety significantly differs among loci (p < 0.05, One-way ANOVA), ranging from 1.8 (ES5) to 3.3 (BPPCT004). Moreover, the number of alleles of the EST-SSRs was significantly lower than the one of SSRs deriving from genomic libraries (p < 0.01; Student's ttest). The main indices of genetic diversity are summarized in Table 2 and are also offered corrected, considering the unknown dosage of the alleles. The number of alleles detected in each variety significantly differed among loci (p < 0.05, One-way ANOVA), ranging from 1.8 (ES5) to 3.3 (BPPCT004). Moreover, the number of alleles of the EST-SSRs was significantly lower than the one of SSRs deriving from genomic libraries (p < 0.01; Student's t-test). The main indices of genetic diversity are summarized in Table 2 and are also offered corrected, considering the unknown dosage of the alleles. We detected a total of 129 alleles and large differences were present in the number of alleles per locus, which stretched from 6 (EPPISF027 and ES4) to a maximum of 24 (BPPCT014). However, considering the effective number of alleles (i.e., the number of alleles weighted for their frequencies), the most diverse locus was PS12A02. As expected for an hexaploid, clonally propagated and mostly self-incompatible species, the observed heterozygosity (Ho) was very high (on average 0.73 ± 0.048). Nonetheless, all individuals were heterozygous only at one locus (BPPCT004). The expected heterozygosity was also high and significantly correlated with the number of alleles (p < 0.001; Spearman's Rho). Under this parameter, the PS12A02 locus is the most informative.
To verify if the diversity observed in our sample does not increase appreciably if an additional marker is added, we built a genotype accumulation curve. This curve illustrates the ability to discriminate between unique genotypes considering an increasing number of molecular markers. The curve reached a plateau at 4 loci (Figure 3) , indicating that the number of the employed SSRs is fully adequate to represent the diversity of the germplasm under investigation. The 29 varieties were discriminated by the SSR markers. We detected a total of 129 alleles and large differences were present in the number of alleles per locus, which stretched from 6 (EPPISF027 and ES4) to a maximum of 24 (BPPCT014). However, considering the effective number of alleles (i.e., the number of alleles weighted for their frequencies), the most diverse locus was PS12A02. As expected for an hexaploid, clonally propagated and mostly self-incompatible species, the observed heterozygosity (Ho) was very high (on average 0.73 ± 0.048). Nonetheless, all individuals were heterozygous only at one locus (BPPCT004). The expected heterozygosity was also high and significantly correlated with the number of alleles (p < 0.001; Spearman's Rho). Under this parameter, the PS12A02 locus is the most informative.
To verify if the diversity observed in our sample does not increase appreciably if an additional marker is added, we built a genotype accumulation curve. This curve illustrates the ability to discriminate between unique genotypes considering an increasing number of molecular markers. The curve reached a plateau at 4 loci (Figure 3) , indicating that the number of the employed SSRs is fully adequate to represent the diversity of the germplasm under investigation. The 29 varieties were discriminated by the SSR markers. To evaluate the genetic relationship between varieties, we calculated the Bruvo's genetic distance because it permits comparison between individuals with different ploidy levels [39] . The average Sustainability 2019, 11, 4112 9 of 14 pairwise distance was 0.430 ± 0.097, with 3% (resp., 0.2%) of pairwise comparisons having a genetic distance below 0.2 (resp., 0.1), implying a uniformly distributed genetic diversity ( Figure 2B ). The agglomerative clustering was performed with the UPGMA algorithm and the dendrogram is presented in Figure 4 . A clear trend in grouping the varieties was not evident considering the morphological parameters under investigation. For instance, varieties with similar fruit color or size did not clearly agglomerate according to the genetic analysis. To evaluate the genetic relationship between varieties, we calculated the Bruvo's genetic distance because it permits comparison between individuals with different ploidy levels [39] . The average pairwise distance was 0.430 ± 0.097, with 3% (resp., 0.2%) of pairwise comparisons having a genetic distance below 0.2 (resp., 0.1), implying a uniformly distributed genetic diversity ( Figure 2B ). The agglomerative clustering was performed with the UPGMA algorithm and the dendrogram is presented in Figure 4 . A clear trend in grouping the varieties was not evident considering the morphological parameters under investigation. For instance, varieties with similar fruit color or size did not clearly agglomerate according to the genetic analysis. 
Comparison between Morhological and Genetic Relationships
The dendrogram based on molecular data failed to identify structures evidenced by morphological analysis. A comparison of the two dendrograms is reported in Supplementary Figure  S3 to highlight that the divergent nodes are present at the low hierarchical level. For this reason, to compare the relationships between estimates of resemblances obtained DNA molecular markers and those obtained from morphological descriptors, we calculated the product-moment correlation between the two distance matrices. The correlation was close to zero (0.05) and not significant (p = 
The dendrogram based on molecular data failed to identify structures evidenced by morphological analysis. A comparison of the two dendrograms is reported in Supplementary Figure S3 to highlight that the divergent nodes are present at the low hierarchical level. For this reason, to compare the relationships between estimates of resemblances obtained DNA molecular markers and those obtained from morphological descriptors, we calculated the product-moment correlation between the two distance matrices. The correlation was close to zero (0.05) and not significant (p = 0.16; Mentel test with 9999 permutations) indicating that the DNA and the morphological analysis sampled a different kind of diversity.
Discussion
Traditional orchards are an important element of rural agricultural settings, also influencing biodiversity and gastronomy of local communities [41] . In Italy, as well as in other Western European countries, the area devoted to plum cultivation has largely decreased in the second half of the last century, in conjunction with the decline in the cultivation of traditional European plum varieties. Regrettably, the conservation status of this cultivated germplasm is far from being optimal [12] . Trees of traditional varieties are often insufficiently maintained (e.g., lack of regular pruning), prompting for actions to safeguard biodiversity. Beside financial support, the conservation and revitalisation of the traditional plum varieties need appropriate transfer of knowledge of the germplasm's features. This information is essential to implement conservation-oriented tree maintenance strategies [42] and to increase the appreciation of traditional varieties, at least for local markets and traditional gastronomic products [43] .
Our study reported a high level of phenotypic and genetic diversity in the analysed plum germplasm. Specifically, a high number of different phenotypes was scored. It was unexpected that the most common fruit color was light (yellow and yellowish-green). Traditional local varieties of European plum, including those of the Campania region [44] , are usually associated with a darker skin color (see also the Bartolomeo Bimbi's portrait "Still life with plums", 1699). Although categorical fruit traits were highly discriminative, quantitative information is needed to distinguish similar varieties. A relatively reduced number of fruit parameters was suitable for differentiating all the varieties. This can be explained considering that the selected phenotypic characters have a clear commercial importance and then, more likely to be object of an (implicit) maintenance breeding. The molecular analysis also indicated a high level of diversity. The SSR loci showed a high number of alleles although locus specific differences were present. The comparison of the allelic diversity with other works is hindered by the use of different analytical techniques, size of the experimental populations, species under investigation, selection of different SSR markers and attention given to the ploidy of the species. Nonetheless, the number of alleles is within the range of variability reported in works analysing wider collections [18, 20, 45, 46] . Overall, distinctive DNA profiles could be clearly discerned, without possible cases of synonymy and/or duplicated accessions that can be present in traditional plum germplasm [45, 47] . A likely reason is that the analysed germplasm belongs to a curated collection, previously classified based on farmers' description. As expected, the level of heterozygosity was very high. For polyploidy species, the lack of allelic dosage information will cause rare alleles to be over-represented, thus affecting then the calculation of allelic frequency and related parameters (e.g., genetic structure) [48] . The difference between genetic indices calculated with or without an estimation of allelic dosage was modest, which suggests that, for each locus, the proportion of genotypes that are indistinguishable is not high. Our work also indicated that a reduced number of SSRs is sufficient to efficiently discriminate plum varieties [20] . We observed very few high pair-wise similarities (i.e., >0.9), which is consistent with the lack of sports and/or Essentially Derived Varieties (EDV) originating from formal breeding [49] . A reduced number of nuclear SSRs offers obvious advantages for screening large populations however, we cannot exclude that a higher number of SSRs or the implementation of DNA sequence-based approaches [50] , may be necessary to discriminate very similar varieties or to solve cases of putative homonymy.
The comparison between morphological and molecular diversity indicated that morphological descriptors provide information different than the molecular one. In comparison with other works in woody species [51, 52] , the correlation was virtually non-existent. Considering the genomic and genetic features of P. domestica, it is very likely that the DNA markers principally sampled a non-adaptive diversity. This is also corroborated by the fact that the allelic contribution of genomic SSRs to total diversity was significantly higher than that of the EST-markers. An implication of our results is that in plum, the phenotype of a given variety cannot be inferred, even if that variety displays a significant similarity at the DNA marker level with a previously characterized material [53] . Correspondingly, the assignment of trees to a variety based exclusively on morphological similarity could easily increase homonymies. Our work indicates that morphological measurements of the fruits are very useful for the description of local varieties, also because their use does not require sophisticated technologies. In addition to the known advantages of molecular fingerprinting, the combination of molecular and morphological data for the classification of traditional plum varieties is probably necessary to separate closely related accessions and sports, or to select variants and clones [49] .
Conclusions
In Western Europe, the cultivation of traditional plum varieties has suffered less compared to whole plum sector and it is experiencing a modest, yet constant, revamp in some regional markets under a pluriactivity paradigm [54] . Our work indicated that the traditional plum varieties of Southern Italy comprise a considerable level of diversity both at the morphological and molecular level, a result that needs to be considered when planning conservation strategies or biodiversity utilization. For instance, it may be difficult to prioritize the varieties to safeguard (e.g., in order to guarantee a wide allelic coverage's conservation) or to promote for further analyses at the agronomic level. Our work implies that both an ex-situ and a regeneration strategy via field cultivation (i.e., aiming at maintenance of integrity) should be preferred to avoid a loss of diversity in traditional European plum varieties [55] .
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